The effect of the quantum dot (QD) deposition temperature is discussed for dot-in-a-well (DWELL) structures with a view to their optimization for broadband applications. Atomic force microscopy (AFM) analysis allows the measurement of the quantum dot and the defective island density. The reduced QD growth temperature results in broad emission spectrum and increased defective island density. Reduced electroluminescence efficiency, higher reverse leakage currents, and lower reverse breakdown voltage could be correlated to the presence of the defective island density. Maximal output power is obtained for devices with a QD growth temperature of 500 C, whilst the preferred spectral shape and QD density is obtained at the lowest temperature, 470 C. To benefit from broad emission bandwidth, the growth conditions need to be further optimized to avoid, or at least reduce, the defective island density. #
Introduction
Optical coherence tomography (OCT) is a well establsihed low coherence interferometric technique to image beneath the surface of biological specimens specially in dermatology 1) and opthalmology. 2) Broadband light sources are a crucial component of the OCT system.
3) The bandwith of the source dictates the spatial resolution along the optical axis (lateral resolution depends on the numerical aperture of the focussing optics) and the source power decides the signal-tonoise ratio (SNR) and, up to a point, depth of penetration of the infrared light in the skin tissue depends on how scattering the specimen is. 4) There are a myriad choices for broadband light sources such as super-continuum sources, 3) swept laser sources, 5) thermal sources 6) and superluminescent light emitting diodes (SLEDs). 7, 8) The SLED is an ideal light source for lower cost and robust clinical applications. In addition, the SLED may outperform more complex sources in terms of power output and relative intensity noise. Recently, self assembled quantum dots (QDs) have attracted interest as the active element in SLEDs. 8) For a QD ensemble, the emission is naturally broad, and state saturation occurs at low current densities, introducing emission from higher order states. In view of the above advantage, QD SLEDs are typically operated at the current density where the ground state and excited state power balances with minimum spectral dip (<3 dB). A spectral dip is undesirable due to the possibility of ghost images, 9) and in an ideal case it should be eliminated. Historically, the majority of the active QD device development has been directed towards lasers. For lasers, the QDs outside the homogeneous linewidth of the lasing energy do not merely fail to contribute to lasing, but are parasitic. In the case of SLEDs, all QDs contribute to gain and to the generation of spontaneous emission. As a result, optimization of QD epitaxy for laser application is fundamentally different to that of a broadband device. In QD laser optimization the realization of high gain and narrow inhomogeneous linewidths, and for optical communications applications simultaneously attaining $1300 nm emission is key. For broadband applications in optical coherence tomography of skin tissue the wavelength specifications are more relaxed ($1200{1300 nm) with a wide spectral region being of interest. Furthermore, narrow linewidth is a distinct disadvantage. As a result, the majority of existing epitaxial processes for active QD devices are unsuited to broadband applications.
In a preliminary study, we have previously shown that QD deposition temperature is a key parameter for high power broadband QD SLEDs. 10) In this paper we present a systematic study of the effect of deposition temperature on the dot/defective island density and the opto-electronic properties of the QD SLED. A strong correlation between the electroluminescence (EL) efficiency, the reverse leakage, breakdown voltage, and the densities of dots and defective islands has been highlighted.
Experimental Methods
All the samples studied in this work were grown by molecular beam epitaxy on Si-doped GaAs(100) substrates. Figure 1 shows the epitaxial structure of the DWELL. Prior to the growth of the active region, following the growth of a n-doped GaAs buffer layer, a lower n-doped cladding layer was grown at 600 C. The active region consists of six repeats of DWELL structure and 45 nm of undoped GaAs spacer layer. The QDs are formed by depositing 2.6 monolayers (MLs) of InAs at a growth rate of 0.1 MLs À1 . The QD are grown on top of 1 nm thick In 0:15 Ga 0:85 As and capped by 6 nm of the same ternary alloy. The cap layer is completed by 5 nm of low-temperature (LT) GaAs (i.e., using the same growth temperature as that for the one of the QDs) before increasing the temperature to 580 C for the remaining 40 nm of GaAs. The temperature was then reduced again for the growth of the next DWELL. The high growth temperature GaAs spacer layer (HGTSL) is found to reduce the defect density and improves laser performance.
11) After the active region, a p-type upper cladding layer and a highly-doped 300 nm thick GaAs contact layer were grown. Broad area SLEDs were fabricated using conventional processing and 6 mm long and 50 m wide ridge devices were used for electrical characterization. All the devices were mounted on ceramic tiles and the measurements were carried out at a tile temperature of 300 K. Characteristics are measured in the pulsed regime (5 s pulsed duration, 1% duty cycle) to minimize thermal effects.
To allow photoluminescence and atomic force microscopy (AFM) studies and to be consistent with the electrical characteristics of the SLED, undoped test samples with identical DWELL structures were also grown. QDs have also been deposited on the test sample surface in order to evaluate the densities of QD and defective island. Figure 2 plots the QD areal density determined from AFM images (not shown) of surface dots grown at temperature ranging from 515 to 460 C. The QD areal density increases by a factor of $7 with the decrease in QD growth temperature from 515 to 460 C. This evolution has already been reported several times [12] [13] [14] and has been attributed to the decrease of the In adatom diffusion length as the temperature is reduced. In consequence, the use of a low growth temperature induces a high dot density but also the appearance of coalescence phenomenon.
Results and Discussion
13) It has already been shown several times that the generation of dislocation during the coalescence favours the formation of large defective islands.
13) The defective island density as a function of QD growth temperature is plotted in the inset of Fig. 2 . The defective island density increases by a factor of $20 as the QD growth temperature is decreased from 515 to 460 C. Though the increase of the dot density is highly desirable, we need to determine if the significant increase in defective island density is detrimental to achieving efficient devices. Figure 3(a) shows the optical power-current density response measured from one facet of the SLED for different DWELL growth temperatures. This figure shows limited superluminescence for QD growth temperature of 470 and
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C suggesting limited gain. On the other hand, for QD growth temperature of 500 and 515 C superluminescent behavior is evidenced by the super linear increase in optical power with increasing current density. A tenfold increase in optical power is noted at current density of 333 A cm À2 , for QDs grown at 500 C as compared to 470 C, whilst the areal density is half (see Fig. 2 ). This result would have been surprising if one would only consider the QD areal density. However, the defective island density (inset Fig. 2) increased by a factor of $12 (from 0:55 Â 10 8 to 6:5 Â 10 8 cm À2 ) for QDs grown at 470 C as compared to QDs grown at 500 C. This is suggestive that a comprehensive study of QD density versus growth temperature is meaningless without accounting for defective island density. The inset of Fig. 3(a) , shows the power-current characteristics at low current density. The figure depicts a clear spontaneous emission efficiency (SE) increases with the QD growth temperature. Despite an increase in QD areal density as the growth temperature is decreased, the large increase in defective island density strongly degrades the SE. Defective islands act as non-radiative recombination centers, reducing SE efficiency. Figure 3(b) shows the room-temperature reverse leakage current plotted as a function of reverse bias. The SLED with the highest QD deposition temperature (515 C) exhibits higher breakdown voltage and much lower-reverse leakage current as compared to the ones containing low-temperature QDs (470 C) SLED. This behavior is consistent with the EL efficiency results (super linear increase in power) reported in Fig. 3(a) . Compared to sample grown at 470 C, the breakdown voltage is a factor of $3 times higher and the leakage current is ten times smaller for the sample grown at 515 C. This difference suggests that the defective islands result in non-radiative centers, acting as current leakage paths. 15) Figures 4(a) and 4(b) represent the EL spectra from QD SLEDs, grown at 515 and 470 C. The QD ground state full width at half maximum (FWHM) as a function of growth temperature is plotted in Fig. 4(c) . The FWHM is measured from low carrier density (20 A/cm 2 ) spectra, where the ground state is well resolved. Gaussian fitting is also used to confirm the FWHM values.
A broad, flat top emission (resulting from the balance of ground and excited state contributions) is observed for the QD SLED grown at 470 C. For the QD SLED grown at 515 C the QD ground state and excited state are well resolved resulting in the appearance of a dip. For the whole temperature range of study (515-470 C) a reduction in spectral dip with decreasing growth temperatures is noted. An ideal flat emission spectrum is obtained when the FWHM of the excited and ground states equals the splitting between the peaks. So, the flat top emission observed for the lowest growth temperature QD is attributed to the increase in the linewidth of both the ground state and excited state emission. The above study suggests that using a low growth temperature allows the benefit of a broad emission and a high QD areal density. Further optimization is still required to reduce the defective island density and to produce efficient devices combining high power, and broadband emission spectrum. Furthermore, for QD laser applications, the use of a reduced deposition temperature could be a solution to increase the saturated gain, but will also need optimization to reduce the natural broadening of the QD ensemble emission.
Conclusions
In this paper we have addressed the effect of deposition temperature for realizing broadband QDs for high power and broad bandwidth superluminescent diodes. QDs grown at low deposition temperature enables flat topped spectra, but the high density of defective islands limits the spontaneous efficiency and degrades the reverse leakage characteristic of the SLEDs. These results are very promising but a comprehensive study of other optimization parameters is needed for high power broadband emission.
